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    Angular distributions of alpha particleswere obtained when the C12 nucleus was bom-
 barded by deuterons with energies from 15.1 MeV to 19.7 MeV, leaving the residual uncleus 
B`0 in its ground, first, third and fourth excited states. Also were obtained the angular 
 distributions of alpha particles when the 016 nucleus was bombarded by deuterons with 
 energies ranging from 14.9 MeV to 19.6 MeV, leaving the residual nucleus N" in its ground 
 and second excited states. 
    Numerical values of the differential cross sections are listed in tabuler form for these 
 reactions and are also given the integral cross sections calculated from these results. 
                                   1. Introduction 
   In our laboratory, (d,a) reactions on a series of light nuclei have been inves-
tigated since 1960.",2>,3),",52,83 The members of nuclides which have been studied so 
far, were Be', B'° B" C12 N"0f6 F19, Ne2°, Mg' Al'', P3' and S32. 
   The energy of the incident deuteron beam was about 15 MeV, which was 
extracted from the Kyoto University cyclotron and was focused on a target at the 
center of a scattering chamber. When these nuclides were bombarded by 15 MeV 
deuterons, many types of reactions such as (d,p), (d,n), (d,t), (d,a) and so on 
could occur, but special attention was paid to distinguish the alpha particles 
leaving the residual nuclei in their ground and lower excited states. In those 
(d,a) reactions we have investigated, the C12 (d,a) B'° and O16 (d,a) N'' reactions 
attracted our interest in two points ; first, the cross sectins of these reactions 
were very much larger than other (d,a) reactions", secondly, the angular distri-
bution of the alpha particles corresponding to the ground or lower excited states 
of the residual nuclei showed predominant backward peaking. 
   It is not easy to understand the mechanism of the (d,a) reaction, since this 
reaction is one of the composite particle reactions, but following the current view 
  *2 c.41—ff.{ ilcpk, = z s i }' ( j; ri i i; Department of Physics, Faculty of 
     Science, Kyoto University. 
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of the nuclear reaction, alpha particles emitted in the backward region in the 
center of mass system are considered to be produced by an exchange or heavy 
particle stripping process. This understanding correlates to the alpha cluster model 
of the C12 and O'° nuclei. 
   If the backward peaking is due to the heavy particle stripping, it may be 
suggested that an exchange effect occur in some favourable energy range of the 
incident particle. So an experiment was planned to see whether angular distri-
butions and integrated cross sections of C12 (d,a) B'° and 016 (d,a) N" reaction 
depend on the incident deuteron energy. In the following, the results of the 
experiment done at the Institute for Nuclear Study, University of Tokyo, are 
given in tabular forms, a part of which has been already reported". 
                        2. Experimental Procedures and Results
   The deuteron beam from the energy variable cyclotron of the Institute for 
Nuclear Study, University of Tokyo, was deflected by a steering magnet and then 
brought to focus on the center of a scattering chamber by a pair of quadrupole 
magnets. Polystyrene film of about 0.2 mg/cm thickness was used as a C12 target, 
and natural oxygen gas of about 20 cm Hg in pressure was used as a 01° target. 
Alpha particle detection was done by a p-n junction type solid state radiation 
detector, and its reverse bias voltage was adjusted to fit the depletion depth to 
the alpha particle energy. 
   Deuteron energies were 15.1, 15.9. 16.7, 17.5, 18.2, 19.0 and 19.7 MeV in the C'2 
(d,a) B'° reaction, and were 14.9, 15.4, 15.7, 16.0, 16.5, 16.9, 17.3, 18.1, 18.8 and 19.6 
MeV in the 0'° (d,a) N" reaction. 
   Reasults obtained are shown below in tabular forms, and the abbreviations 
used in these tables are, 
a° : alpha particles leaving the residual nucleus in its ground state. 
a,,etc: alpha particles leaving the residual nucleus in its first excited state 
       and so on. 
E: incoming deuteron energy in the laboratory system. 
: angle between the direction of the detected alpha particle and the 
      direction of the incident deuteron in the center of mass system. 
(do/df2)c.m.: differential cross sections in the center of mass system. 
Error : essentially statistical error. 
   In Table 1, the experimental results of the C12 (d,a) B'° reaction are exhi-
bited. Table 2 shows the results of the 016 (d,a) N" reaction. Integral cross sec-
tions are given in tables 3 and 4, for the C12 (d,a) B'° reaction and the 0'° (d,a) 
N" reaction respectively. 
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           Table 1. Numerical values of cross sections for C12 (d,a) B10 reaction. 
(a) C12 (d,ao) B1° g'nd. 
Ed=15.1 MeVEd=15.9 MeV 
9c.m. (do/dd2)c.M. ErrorOo.x. (do-/d(2)c.m. Error 
 degree mb/sterad oodegree mb/sterad'                                                                                                  °o 
19.1 3.16319.14.442 
 25.4 4.342.525.45.021.5 
 31.7 4.812.531.74.982 
 37.9 5.222.537.94.521.5 
 44.0 4.272.544.03.762 
 50.1 3.25350.13.172 
 62.11.66462.11.843 
 73.7 1.39573.71.472 
 84.9 1.57584.91.943 







 157.9 3.804.5157.93.342.5 
165.4 5.444165.44.053 
169.1 5.704169.13.963 
                    172.74.303 
Ed=16.7 MeVEa- 17.5 MeV 
Bc.M. (do-/dlI2)c.m. ErrorGo.x. (dcr/df2)0.m. Error 
 degree mb/sterad90degree mb/sterad o' ~o 
 19.0 5.241.519.04.202 
 25.3 6.141.525.35.131 
 31.6 5.881.531.65.471.5 
 37.8 4.821.537.84.781 
 44.0 3.65244.03.802 
 50.1 2.18250.12.571.5 
56.1. 1.97356.11.733 
 62.0 1.622.562.01.252.5 
 67.9 1.383.567.90.854.5 
 73.6 1.27373.60.953 
 81.8 1.972.579.21.164.0 










                    172.75.292 
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           C'2  (d,a) B10 and CO (d,a) N" Reaction from 15 to 20 MeV 
                             Table 1. (continued) 
E4=18.2 MeVEa=19.0 MeV 
Oc.K. (do /dfl)c.M. ErrorO0.M.(dO/dQ)c M. Error 






















                   169.03.84 3
Ed =19.7 MeV 
Oc.m. (da-/dtl)c.M. Error 
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                                       Table 1. (continued) 
        (b) C12 (d,a) B1D 1st 
Ed=15.1 MeVEd=15.9 MeV 
O0.M. (da-/dS2)c.2[.Error OC.M. (do•/ al) c.M . Error 
     degree mb/steradoodegree mb/sterado0 
19.28.21219.25.491.5 
25.65.112.525.54.142 
   31.95.63231.83.952 
    38.16.15238.14.071.5 
    44.34.732.544.33.112 
   50.52.79350.41.873 
    62.50.91662.40.934 .5 74
.21.734.574.11.832 
85.42.00485.32.243 
    96.22.024.596.12.303 




    142.52.185.5142.41.774 .5 
    150.52.805150.41.904.5 
    158.14.114.5158.12.892.5 
    165.66.533.5165.54.203 
    169.27.593.5169.25.003 
                       172.85.823 
Ed-16.7 MeVEd-=17.5 MeV 
00.M. (dm/dS2)o.M.Error OG.31. (dor/dS2)o.~t. Error 
     degree mb/steradoodegree mb/sterado0 
   19.24.38219.13.322 
    25.53.18225.52.761.5 
    31.82.772.531.82.362.5 
   38.12.20238.01.542 
44.21.66344.2 1.004 
    50.41.312.550.30.983 
    56.40.92456.41.163.5 
    62.40.783.562.31.033 
    68.30.944.568.21.084.0 
    74.01.412.574.01.233 
    85.31.852.579.61 .453.5     9
5.01.732.585.21 .522.5 
    106.32.022.595.91 .38' 3 116
.0 1.952.5106.21.453 
    125.31.313.5116.01.423 
    134.01.143125.21.103.5 
142.41.114134.00.854 
150.41.25 l142.30.705 
    158.11.823.5150.31.034.5 
   165.52.123158.01 .483 
   172.82.203165.51 .483 
                          172.81.512.5 
_._ ....... ........... ........ 
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                              Table 1.. (continued) 
Ea=18.2 MeVE4=19.0 MeV 
dc. e. (do•/df2)c.it. Error00.M. (do-/dd2)c.ie.Error 
























OO.x- (do-/dd2)0.M. Error 
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                               Table 1. (continued) 
(c)  C12 (d,a3) B10 3rd. 
Ea=15.1 MeVEa=15.9 MeV 
6' c. (do•/dS2)o.x. Error Go.M. (do-/d12)c.e Error 
 degree mb/sterad%degree mb/sterado0 
 19.5 2.26319.51.962.5 
 26.0 2.30325.91.763 
 32.4 1.63432.31.433 
 38.7 1.18538.61.262.5 
 45.0 0.905.544.91.053.5 
 51.2 0.43851.10.954 
 63.4 0.89663.30.894 
 75.2 0.816.575.10.443.5 
 85.6 0.58886.40.377 
 97.4 0.84797.20.635.5 
107.7 0.857107.50.477 
117.4 0.668.5 117.20.427.5 







                      173.03.3514 
Ed= 16.7 MeVEa=17.5 MeV 
Oo.a°. (do-/dS2)o..,. Error Oa.m. (do-/dS2)c.,. Error 
 degree mb/steradoodegree mb/sterado0 
 19.4 2.73219.42.422.5, 
 25.9 2.022.525.82.022 
 32.2 1.64332.21.673 
 38.6 1.262.538.51.272.5 
 44.8 1.13344.80.924 
 51.0 0.91351.00.673.5 
 57.2 0.74557.10.555 
 63.2 0.643.563.10.504 
 69.1 0.456.569.00.456 
 74.9 0.315.574.80.385 
 86.3 0.315.580.60.298 










                      172.94.177.5 
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            C12  (d,a) B1° and O1e (d,a) N14 Reaction from 15 to 20 MeV 
                             Table 1. (continued) 
Ea-18.2 MeVEa- 19.0 MeV 
OO.M. (do-/dfi)c.M. ErrorOc•Bf• (do-/df2)c•a.Error 






















                     169.33.403.5 
Ea-19.7 MeV 
00.31. (do-la-)r, M. Error 
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                               Table 1. (continued) 
(d)  C12 (d,a4) B10 4th. 
Ed--15.1 MeVEd=15.9 MeV 
Oc.e. (dc-/d1L)0.M. Error0o.at. (dv/dS2)c.M. Error 
 degree mb/sterad55degree mb/sterad 55 
 19.9 2.59319.81.123 
 26.5 3.07326.41.373 
 33.0 2.60332.91.513 
 39.5 2.36339.31.603 
 45.9 2.36445.71.224 
 52.21.12552.00.834 
 64.6 0.42864.40.287.5 
 76.5 0.379.576.30.284.5 
 88.0 0.518.587.70.476 






152.2 1.0329152.01.44 25 
                      159.31.8723 
                      166.41.0036 
                      169.81.9625 
Ed=16.7 MeVEd-17.5 MeV 
00•Ac• (do'/dS2)c.M. Error00..x. (da/dS2)0.2e. Error 
 degree mb/sterad55degree mb/sterad qo 
 19.7 1.003.519.60.954 
 26.3 1.073.526.11.072.5 
 32.8 1.173.532.61.034 
 39.2 1.222.539.00.913 
 45.6 1.05445.30.854 
 51.9 0.73351.60.633.5 
 58.1 0.42657.70.436 
 64.2 0.265.563.80.316 
 70.2 0.22969.80.248.5 
 76.1 0.26675.70.285 
 87.5 0.58481.40.476 








166.3 2.953159.0 2.1013 
 173.2 3.8812.5166.12.7813 
                        173.13.6512.5 
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 C12 (d,a) B10 and O's (d,a) N" Reaction from 15 to 20 MeV 
                             Table 1. (continued) 
Ed= 18.2 MeVEd=19.0 MeV 
00.n1. (d6/df2)o•ie. ErrorBo.ni. (d6/df2)o.nc. Error 






















                   169.62.794 
Ed-19.7 MeV 
Oc.m. (do-/dfl)o.M. Error 
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                   Table 2. Numerical values of cross sections for 016 (d,a) N" reaction 
       (a) 01G (d,ao) N" g'nd 
Ea=14.9 MeVEa=15.4 MeV 
Oo.M. (do-/dfl)o.M. Error0o..M.(dal dSZ)c.M. Error 
  degreemb/sterado0     g,°odegree mb/sterad 
   23.31.03317.50.951 
   29.10.90223.30.811 
   34.91.01329.10.702 
   40.61.05334.90.782 
   46.31.09340.60.883 
   57.50.54346.30.893 
   68.50.33357.50.483 
   79.20.18868.50.275 
   89.70.23539.20.177 
   99.80.36589.70.207 
   109.70.35599.80.306 
   119.20.435109.70.276 
   128.50.268119.2 0.366 
   137.50.555128.50.286 
   146.31.175137.50.395 
   154.91.335146.30.833 
   159.11.005154.9 0.773 
                       159.10.653 
Ed= 15.7 MeVEa=16.0 MeV 
BC.M• (do-IA2)0.M. Errorao.M. (do-/dSl)c.M. Error 
    degree mb/sterad aDdegree mb/sterado 
   23.30.70223.31.211 
   34.90.90229.11.311 
   46.30.80334.91.291 
   57.50.32540.61.202 
   68.50.31546.30.862 
   79.20.15751.90.493 
   89.70.21657.50.284 
   99.80.33663.00.264 
109.70.23668.50.344 
   119.20.33573.90.304 
128.50.27679.20.236 
   137.50.26685.50.167 
146.30.50689.70.197 
   154.90.55694.80.325 
   159.10.40699.80.405 
                       104.80.345 
                       109.70.256 
                       114.50.217 
                       119.20.247 
                       123.90.287 
                       128.50.297 
                       133.00.237 
                       137.50.197 
                       141.90.177 
•146 .30.297 
                       150.60.457
                       154.90.547 
                       159.10.517 
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                             Table 2. (continued) 
Ea=16.5 MeVEd=16.9 MeV 
OC.M. (do-/d12)0.31. ErrorOO.M. (do-/d12)o.K. Error 





















Ed= 17.3 MeVEd--18.1 MeV 
00.M. (do-/d12)0.m.ErrorOo.M. (do-/d12)o.M. Error 


















                   137.60.196 
                   146.40.385 
                   155.00.266 
                   159.20.167 
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                              Table 2. (continued) 
Ea=18.8 MeVEa=19.6 MeV 
Oc.x. (do-/dn)o.m. ErrorHo.m. (dcr/dcl)o.M. Error 





















 C12 (d,a) B10 and 016 (d,ce) N14 Reaction from 15 to 20 MeV 
Table 2. (continued) 
(b) CO (d,a2) N14 2nd 
Ed=14.9 MeVEa=15.4 MeV 
00.2.1. (do-/d(2)ay.Error0o.u. (do-/df2)o.M. Error 
 degree mb/steradoodegree mb/sterad o0 
 23.81.67217.92.001 
















                    159.71.994 
E1i=15.7 MeVE4=16.0 MeV 
00.m. (do-/d12)c.at. ErrorOa.m (do-/df2)o.m. Error 
















                    106.21.024 
                    111.10.765 
                    115.90.717 
                    120.60.807 
                    125.20.958 
                    129.71.068 
                      134.20.8910 
                      138.60.7610 
                       142.90.631.0 
                      147.20.7810 
                      151.41.0410 
                      155.61.7510 
                      159.71.9710 
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                              Table 2. (continued) 
 Ear=  16.5 MeVEd= 16.9 MeV 
00.m. (do-/dS2)o.u. ErrorO0.M. (do-/dS2)O.nc• Error 





















Ed-17.3 MeVEd=18.1 MeV 
00.m. (do-/dl2)0. e. ErrorOo.it. (do-/dn)0.M. Error 


















                   138.60.345 
                   147.20.285 
                   155.60.275 
                   159.70.176 
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 Cl" (d,a) B10 and CO (d,a) Ni" Reaction from 15 to 20 MeV 
                             Table 2. (continued) 
E4--18.8 MeVEa=19.6 MeV 
00.m. (do-/dfl)c.m. ErrorOc m. (do-/d&2)o.af. Error 
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Table 3. Integrated cross sections for the reaction C" (d,a) B41 
Betaoaiasas 
 MeV mbmbmbmb 
15.1 30.7 37.6 12.3 13.2 
1.5.9 33.0 30.9 11.1 10.7 
16.7 32.9 20.5 11.3 1.2.0 
1.7.5 29.4 15.8 1.0.1 10.5 
18.2 29.1 14.8 8.9 8.3 
1.9.0 27.0 1.3.5 8.1 7.8 
19.7 23.4 12.6 6.6 8.1 
Table 4. Integrated cross sections for the reaction 0" (d,a) N" 
Edaoaz 
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                            3. DISCUSSION 
   Recently, Honda, Horie, Kudo and Ui" analyzed our experimental results on 
the 0" (d,a) N" reaction. They used cut-off Born approximation and assumed 
that foward angle distribution comes from the pick-up process and that the back-
ward angle distribution is due to the heavy particle stripping mechanism. They got 
good agreement with the experimental results without using any energy depen-
dent parameters. They also found that the effect of antisymmetrization played 
an essential role to resemble the angular distribution. 
   Our interpretation is given in the reference", on the C12 (d,a) B" reaction 
and also on the 0" (d,a) N" reaction. 
   Afterall, it may be suggested that the alpha particle clustering in the C12 and 
0" nucleus play an important role in these reactions, and that the reactions show 
almost smooth energy dependency, but some anomalies should be noticed, which 
appeared in the C12 (d,a) B" reaction at the deuteron energies from 15 to 17 MeV 
and in the 0" (d,a) N" reaction at the deuteron energies near 16 MeV. 
   In conclusion, the authors would like to express their sincere thanks to Prof. 
I. Nonaka, Director of the I. N. S. and other staffs of the I. N. S. for their hos-
pitality and encouragement. Thanks are also due to stimulating discussions and 
encouragement given by Professors H. Ui, T. Honda, K. Kimura and Y. Uemura 
throughout this work. 
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